This paper presents wind tunnel results of wings of low-to-moderate aspect ratio (2≤A≤5) at low Reynolds numbers (60,000 to 160,000). Tests were conducted in the low-turbulence wind tunnel in the Subsonic Aerodynamics Research Laboratory at the University of Illinois at Urbana-Champaign (UIUC). A 3-component force/moment balance was designed and fabricated. The balance design methodology and validation are described in detail. Low Reynolds number tests performed on a wing having an aspect ratio of 4 and using the Wortmann FX 63-137 airfoil showed the existence of a critical Reynolds number of 90,000 for which a jump in performance characteristics was observed. Pre-stall and post-stall hysteresis was captured at the critical Reynolds number. Flow visualization photographs for the wing at different angles of attacks are presented. Finally, aerodynamic performance measurements taken for ten flat-plate rectangular and tapered wings are also presented and discussed.
I. Introduction
W ith the emergence of unmanned aerial vehicle (UAV) platforms as an integral part of the military, there has been a push to minimize the size of these vehicles to serve platoon-level roles and other forms of civilian aerial surveillance and reconnaissance missions. The initial drive for small-scaled UAVs came in the form of the MAV development initiative 1 from 1996-2002 by the Defense Advanced Research Project Agency (DARPA) and the Naval Research Laboratory (NRL). This initiative yielded a multitude of research in 6-12 in wingspan fixed wing MAVs as detailed in Refs. 1-20. Despite the large strides achieved in MAV research, the payload capacities and endurance levels of MAVs have not reached levels that are practical for use. 21 The current level of technology though has produced a plethora of small UAVs (i.e., man-portable and hand-launch UAVs) that are in service both in military and civilian environments. Most UAVs (e.g., Desert Hawk, Wasp III, Raven) in this category are of low-to-moderate aspect ratios (2≤A≤7) and operate at Reynolds numbers between 50,000 and 300,000.
It is commonly noted 18, 22 that with a few exceptions 12, 13, 20, [23] [24] [25] there is a lack of experimental data related to low-to-moderate aspect ratio UAV flight at low Reynolds numbers. As a result, two-dimensional experimental data [26] [27] [28] [29] [30] is primarily used in the small UAV design process. However, the mutual interaction between the three-dimensional finite wing and low Reynolds number effects plays a large role. Hence, it is essential to have a comprehensive understanding of low Reynolds number wing characteristics in order to push the envelope of small UAV capabilities.
The goal of this paper is to show the beginnings of a concerted effort by the Applied Aerodynamics Group at the University of Illinois at Urbana-Champaign (UIUC) to address the issues discussed heretofore. Aerodynamic performance measurements for low-to-moderate aspect ratio wings taken using a custom designed and fabricated low-speed wind tunnel balance is presented. Flow visualization of the wing mounting setup and historical lift, drag and moment comparisons for two separate wings are presented to validate the balance. Aerodynamic measurements for a Wortmann FX 63-137 aspect ratio (A) 4 rectangular wing are presented and discussed. To further aid in understanding the phenomena related to the wing, flow visualization was employed. Finally, ten rectangular and tapered flat-plate wings of aspect ratios between 2 and 5 were tested at Reynolds number between 60,000 and 160,000 using the low Reynolds number force balance (LRN-FB). Aerodynamic measurements of the ten wings are presented and discussed.
II. Experimental Methods

A. Facility
Experiments were conducted in the low turbulence subsonic wind tunnel in the Aerodynamics Research Laboratory at UIUC. Shown in Fig. 1 , the wind tunnel is an open-return tunnel with a rectangular test section measuring 2.8 × 4.0 ft in cross-section and has a length of 8 ft. Over the length of the test section, the width increases by approximately 0.5 in (1.27 cm) to account for boundary layer growth along the tunnel side walls. Test section speeds up to 160 mph (71.53 m/s) can be obtained via a 125 hp (93.25 kW) alternating current electric motor connected to a five-bladed fan.
As detailed in Ref. 30 , the turbulence intensity of the wind tunnel was measured to be less than 0.1%. This turbulence level allows for accurate measurement of low Reynolds number behavior as test section turbulence levels ensure that laminar flow does not prematurely transition to turbulent flow.
B. Force/Moment Balance
A custom designed and in-house fabricated three-component low Reynolds number force/moment balance (LRN-FB) was used to acquire all of the data presented in this paper. The experimental setup is depicted in Fig. 2 . The LRN-FB was designed to be conceptually similar to the University of Notre Dame's UND-FB2 force/moment balance. 15 The LRN-FB resides on the ceiling of the test section, and the wings are mounted at quarter chord using a wing-tip mounted sting. The spanwise axis is in the vertical direction. The sting was designed to vary with the type of wing tested (i.e., thickness, camber, planform shape, etc.) and transfer the aerodynamic loads of the wing to the balance.
The balance consists of two perpendicularly mounted carriages that allowed it to measure principally lift and drag forces from the wing. Each carriage uses eight double-ended flexural pivot bearings (flex-pivots) manufactured by the Riverhawk Company. As discussed in Ref. 31 , flexures are one of the main components of an external wind tunnel balance. They are designed to ensure that the balance reacts similarly in all principal directions and without hysteresis. Additional benefits of flex-pivots are that they are stiction-free and have, theoretically, infinite cycle life. The lift carriage is the outer carriage on the base platform, and the drag carriage is suspended within the lift carriage. Both carriages are connected to load cells manufactured by Interface, Inc. via load cell mounting brackets. The mounting brackets can accept different load cell attachment points to allow for variations in the operational range of the lift and drag carriages. The carriages are pre-loaded to ensure that the load cells are always working in tension. This approach allows the force balance to be able to measure accurately both small and large forces occurring in the Reynolds number range of 60,000 to 160,000.
Within the drag carriage, a US Digital R A2 absolute optical encoder together with a DC gear motor to worm gear setup measures and sets the angle of attack of the wing respectively. The A2 optical encoder is an optical rotary position sensor that reports its shaft angle within a 360-deg range. The resolution of the optical encoder is 0.09 deg, and the zero position of its shaft can be reset to any location. The DC gear motor to worm gear setup is designed to be similar to the angle-of-attack setup of the UIUC Low Speed Airfoil Testing (LSATs) experimental rig. [27] [28] [29] [30] A Faulhaber R 308:1 ratio DC gear motor runs a 48-pitch worm shaft via a rotational coupling. The worm shaft in turn rotates a 45:1 gear ratio, 180-teeth worm gear aligned in the axis of rotation of the spanwise axis of the wing. The drag carriage also houses a Transducer Techniques R RTS torque sensor that measures the aerodynamic pitching moment of the wing. Given that the torque sensor is unable to handle axial loads, an intricated setup was designed to house it. This setup includes a • To allow the torque sensor to rotate with change in the angle of attack of the sting/wing. The nonmeasuring end of the torque sensor attaches directly to the worm gear allowing the torque sensor to measure the pitching moment of the wing at each angle of attack.
• To ensure that only the moment loads of the wing are transmitted to the torque sensor. A fitting attaches the measurement end of the torque sensor to the sting via the The components of the LRN-FB were fabricated and assembled to tolerance levels of ±0.002-0.005 in. This tolerance level ensured that assembly of the balance was performed with minimal fitting issues. An isometric view of the CAD model and a photograph of the fabricated LRN-FB are shown in Fig. 3 .
As built, the maximum, minimum and resolution forces that the LRN-FB was designed to measure are detailed in Table 1 . The values that are asterisked are limits set solely by the maximum bending moment limit of the flex-pivot that attaches the sting to the torque sensor on the LRN-FB. If higher load measuring capabilities are required for future tests, a simple replacement of the Although the LRN-FB was designed so that lift L, drag D, and moment M measured were pure and with minimal interactions, there always exists some first-or second-order interactions (e.g., lift and drag carriages not exactly perpendicular) between the different parts of the balance under loading. Therefore linear calibration was performed for lift and drag, and the moment was non-linearly calibrated by methods described in Refs. 32-34. To ensure that the effects of drift and other unrealized errors were taken into account, calibration was performed frequently. To account for interactions between the lift and drag carriages, a calibration matrix was derived according to the steps outlined in Ref. 31 . Finally, during testing, wing drag polars were repeated at least two times in each case to ensure repeatability of data acquired.
C. Data Acquisition
A PC with a National Instruments NI PCI-6052E data acquisition board was used for communication with the wind tunnel and the force/moment balance. The National Instruments Labview R 2010 graphical user interface (GUI) software was used for recording and processing the raw force/moment and flow condition data during testing.
Test section dynamic pressure was measured with a differential pressure transducer in the wind tunnel inlet and test section. Ambient temperature was measured with a thermocouple. Lift, drag and moment data from the load cell were passed through a signal conditioner to amplify and filter the signal for the DAQ board. At each angle of attack, 30,000 samples of lift, drag and moment data measured at a rate of 3,000 samples/sec were averaged to overcome the small time-dependent fluctuations in tunnel speed. Each run involved taking measurements of the wing for both increasing and decreasing angles of attack in succession to capture any possible aerodynamic hysteresis. The DC angle of attack motor was controlled via a custom-designed motor controller. During a run, the entire data-acquisition process was automated. The Labview R interface set and maintained the Reynolds number within the test section and angle of attack of the wing, acquired raw data (dynamic pressure, lift, drag, pitching moment, angle of attack, ambient temperature and ambient pressure), and finally reduced and plotted the data graphically during a run. Once the run was complete, the data was corrected for three-dimensional tunnel effects according to the methods outlined in Ref. 31 .
The relative uncertainties of the lift, drag and moment coefficents were calculated to be 3.3%, 2.7% and 4.6% respectively using the methods introduced by Kline and McClintock 35 and further discussed by Coleman and Steel.
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III. Models Tested
All of the models tested in this paper were rapid prototyped using stereolithography (SLA R ) to tolerances of approximately ±0.005 in, 37 ensuring model accuracy and surface quality. As a test validation case, the Wortmann FX 63-137 A 4 rectangular wing was chosen. The availability of experimental data in literature 23, 38 made it a good choice for validation. An aspect ratio of 4 was chosen as it represented the mean aspect ratio of wings intended to be tested with the balance.
To aid in validation, an additional rectangular flat-plate A 3 wing was chosen as a benchmark for low aspect ratio flat-plate measurements. The A 3 flat-plate wing was designed to emulate that tested by Pelletier and Mueller, 13 and Shields and Mohseni. 20 The key differences though was that the thickness-tochord ratio of the flat-plate model was 4.3% in comparison with 2.6% in Ref. 13 . In addition, the flat-plate model was designed to have a 10-to-1 elliptical trailing edge thickness ratio instead of the 5-to-1 ratio used by Refs. 13 and 20.
Once both validation cases were completed, nine additional flat-plate wings were tested as shown in Table 2 . The flat-plate models were manufactured to the same airfoil configuration as that of the A 3 validation wing. A flat-plate airfoil was chosen for testing as it serves as a good baseline to observe and decipher the effects of Reynolds number, aspect ratio, and taper ratio on low-to-moderate aspect ratio wings. In addition, the geometries and Reynolds numbers tested were those typically used for small-scaled UAV wings and stabilizers.
IV. Data Validation
Data validation serves as a method of reinforcing and rechecking the viability of experimental results acquired using a specific wind tunnel balance. Since the LRN-FB was newly designed, the viability of the mounting setup was initially tested. Data validation was then performed on two main test cases for lift, drag and moment.
A. Wing Mounting Setup Viability
The cantilever beam mounting setup for all wings tested made it necessary to account for the tare and interference effects of the sting. As discussed in Ref. 31 , the tare of the sting is its direct drag effects, and the interference is its effect on the free air flow over the wing.
The direct drag effects of the sting are accounted for by taking sting tares at the different Reynolds numbers tested. During wing testing runs, sting tares corresponding to the Reynolds number tested are automatically subtracted prior to calculating the aerodynamic loads.
Two methods were employed to test the interference effects of the sting. For the first test, a mirror sting was mounted to the tunnel floor as shown in Fig. 4(a) . Interference tests were done using a Wortmann FX 63-137 A 4 rectangular wing. The mirror sting was not attached to the wing. A gap of ≈1 mm was maintained as shown in Fig. 4(b) . Tests performed at Reynolds numbers of 30,000 and 60,000 showed that the mirror sting had negligible interference effects on the lift, drag and moment measurements of the wing. In addition, flourescent oil-flow visualization was employed to determine whether the flow over the mounted wings were was substantially affected by the sting. Figure 4 (c) shows a photograph of a flourescent oil flow over the upper surface of the Wortmann FX 63-137 A 4 wing at α = 9 deg and Re = 90,000. Several important features of low Reynolds number flow over wings were discernible such as the laminar, turbulent, and laminar separation bubble regions. Wing vortex induced separation was also seen at the wing tips. Most importantly, Fig. 4(c) shows that the wing sting caused minimal interference to the flow over the wing. calculated using
(1) Figure 5 shows that the data obtained using the LRN-FB accurately aligns with the theoretical value for an aspect ratio of 4. The data also lies between the historical data. are plotted in Fig. 7 . Both Ref. 23 and 38 did not have pitching-moment data, so only two dimensional data was available. The moment curves from the LRN-FB data in Fig. 7(a) show good correlation with Fig. 7(b) in the characteristics observed. The only large difference is in the post-stall moment characteristics. For a two-dimensional airfoil test, mainly uniform spanwise separation occurs; whereas, for a three-dimensional wing, wing tip vortices prevent flow close to the wing tips from separating. The unseparated flow from the wing tips results in a smaller magnitude difference in post-stall pitching-moment values.
Finally, as an added validation, the key commonality in the data from LRN-FB and historical data at a Reynolds number of 100,000 is the capture of post-stall hysteresis in lift, drag and moment. Post-stall hysteresis will be further discussed in Section V.
C. Flat-Plate A 3 Rectangular Wing Validation
An additional validation case was performed on an A 3 rectangular (λ = 1) flat-plate wing. Validation was performed against historical data by Pelletier and Mueller 13 and Shields and Mohseni. 20 The differences between the A 3 wing tested with the LRN-FB and that tested by Refs. 13 and 20 were discussed in detail in Section III. Lift, drag, moment and drag polar comparison plots are shown in Figs. 8(a-d) . 
V. Experimental Results and Discussion
The LRN-FB was used to measure the performance of the Wortmann FX 63-137 wing over a range of Reynolds numbers. In addition, as mentioned in Section III, ten elliptical leading and trailing edge flat-plate models of varying aspect ratios and taper ratios were tested, and the results are presented.
A. Wortmann FX 63-137 Wing Results
The Wortmann FX 63-137 airfoil has been used extensively in small aircraft and RC models primarily because of its high-lift capabilities at low Reynolds numbers. As a result, the FX 63-137 airfoil and wing have been widely tested in many wind tunnel facilities. It therefore will be beneficial to have a better understanding of the characteristics and differences of a Wortmann A 4 wing in comparison with the airfoil at low Reynolds numbers. Drag polars, and lift and moment plots at varying Reynolds numbers for the Wortmann FX 63-137 wing are shown in Fig. 9 . Data were taken from an angle of attack of −15 to 25 deg at increasing and decreasing angles of attack to capture possible hysteresis effects known to exist in the low Reynolds number regime. Figure 9 shows that the critical Reynolds number for the Wortmann FX 63-137 wing is 90,000. A jump in lift-to-drag ratio occurs at this Reynolds number. For Reynolds numbers less than 90,000, laminar separation (trailing-edge separation) stall is observed. Laminar separation occurs when the laminar boundary layer over the upper surface of the central section of the wing encounters an adverse pressure gradient that causes it to separate from the wing surface. At Reynolds numbers less than 90,000, the separated laminar boundary or shear layer has insufficient energy to form a laminar separation bubble by transitioning to turbulent flow and reattaching to the wing.
At the critical Reynolds number of 90,000, both pre-stall and post-stall hysteresis phenomena are observed on the FX 63-137 wing. Pre-stall hysteresis, as discussed in Ref. 39 , is a type of lift hysteresis that is caused initially by laminar stall with increasing angle of attack. As the angle of attack increases further, the separated laminar shear layer suddenly forms a short laminar separation bubble over the wing. The laminar separation bubble formation yields a large jump in the lift of the wing and corresponding improvement in the lift-to-drag ratio. The effect of bubble formation is also captured in the drag and moment data. With decreasing angles of attack though, the drop in lift occurs at a lower angle of attack compared with the prior jump. To date, as far as the authors are aware, pre-stall hysteresis has not been captured in literature for FX 63-137 airfoils or wings and has been rarely observed on other airfoils. 40 Although repeatably reproduced, pre-stall hysteresis for the Wortmann wing only occurred at the critical Reynolds number of the Wortmann wing. Any slight changes in the flow speeds resulted in no pre-stall hysteresis.
Post-stall hysteresis is observed and repeatably reproduced at Reynolds numbers of 90,000 and 100,000. Post-stall hysteresis occurs when the laminar separation bubble on the wing upper surface bursts, and flow separation occurs, resulting in a large loss of lift. As angle of attack decreases, however, the laminar separation bubble reattaches at an angle of attack lower than that for which the the burst occurred, creating hysteresis.
Another conclusion that was obtained from the performance plots was that the stall angle of attack is observed to increase with an increase in Reynolds number. Also, it is important to note the increase in the zero-lift angle of attack with decreasing Reynolds number. This trend is similar to that discussed in Bastedo and Mueller.
23
Surface oil-flow visualization tests were performed at a number of angles of attack to further understand the interesting flow phenomena on the Wortmann wing at a Reynolds number of 90,000. Figures 10(a-h) shows photographs of the upper surface of the Wortmann wing at these different angles of attack. Laminar flow accompanied by a flow separation or a long separation bubble is seen at −2 and 7 deg. The location of the bubble moves toward the leading edge of the wing with increasing angle of attack. For both these angles of attack, it can be also observed that turbulent flow has not fully developed over the trailing-edge section of the wing. At 9 deg, the long bubble 'collapses' into a short separation bubble. Fully developed turbulent flow is also seen at the trailing edge of the wing. It can be concluded that because the short separation bubble formed, the jump in the lift for the wing has prematurely occurred and that the pre-stall hysteresis stage was bypassed. The premature tripping of the wing boundary layer may have been caused by the slight roughness of the wing surface by the flow visualization oil.
The short separation bubble is seen to further move toward the leading edge and shrink at 12 deg. A small laminar flow region is seen at an angle of attack of 14 deg with the separation bubble and turbulent regions convering most of the upper surface of the wing. From −2 to 14 deg, a steady growth is observed in the disturbance caused by the wing tip vortices. The steady growth is caused by the strength of wing tip vortices that increase with lift. At 18 deg, the bubble is not present, and the steady bands of oil on the upper surface of the wing represent the fully tubulent region of the flow over the wing. Finally, at 22 deg, the unaltered oil flow indicates complete flow separation from the upper surface of the wing. Post-stall hysteresis was captured when the angle of attack of the wing was initially set to 22 deg and then reduced to 18 deg during a flow visualization test run. Figure 10 (h) shows that the flow was still fully separated in comparison with the fully turbulent flow in Fig. 10(f) .
B. Flat-Plate Rectangular Wing Results
For the flat plate tests, drag polars, and lift and moment plots are shown for all ten flat plate wings described in Section III. Data was taken from −20 to 30 deg for increasing and decreasing angles of attack. A large angle of attack range was chosen to capture post-stall effects of the flat-plate wing.
The drag polars, and lift and moment plot from Figs. 11-20 shows a number of interesting observations related to an increase in Reynolds number. Firstly, there is a widening of the drag bucket with increasing Reynolds number. The widening of the drag bucket suggests a reduction in the degree of separated flow over the flat-plate wing when the flow speed increases. Theoretically, C Dmin should decrease with Reynolds number. The decreasing C Dmin is generally seen for wings of A 3 to 5. Aspect ratio 2 wings, however, show scatter in the C Dmin values. The scatter can be attributed to the low forces that were measured that were within the uncertainty levels of the LRN-FB.
For the lift curves, an obvious increase in lift curve slope and C Lmax is seen. Stall occurs as a result of laminar separation as it is not accompanied by a large drop in lift, and a critical Reynolds number is not observed. The lack of a critical Reynolds number suggests that the laminar boundary (shear) layer that separates from the central region of the flat-plate wing was unable to reattach resulting in no laminar separation bubbble formation. For post-stall angles of attack, the lift and moment of the wing stays roughly the same; however, there is a corresponding decrease of lift-to-drag ratio of the wing that results from an increase in the wake drag with angle of attack. Finally, no flow hysteresis was observed. 
VI. Conclusions
In conclusion, an area of experimental research needed in the low Reynolds number regime was examined. A new force/moment balance, the LRN-FB was designed, fabricated and assembled to carry out these new measurements. The LRN-FB was validated for low Reynolds number, low-to-moderate aspect ratio wings by flow visualization techniques and data comparisons with historical data. Historical data comparisons showed good agreement in lift, drag and moment data. Experimental tests and surface oil-flow visualization tests showed that the sting had minimal interference effects on the flow over a wing.
As a check standard test and to further understand flow phenomena over low-to-moderate aspect ratio wings, aerodynamic performance results and flow visualizations results were presented for the Wortmann FX 63-137 A 4 rectangular wing. The results suggested that there exists a critical Reynolds number (Re = 90,000) for which a jump in lift and lift-to-drag ratio occurs. In addition, both pre-stall and post-stall hysteresis were captured at this Reynolds number. Finally, flow visualization was used to chart and discuss the progress of the laminar, separation bubble, turbulent and wing tip region with change in angle of attack at a Reynolds number of 90,000. With flow visualization, pre-stall hysteresis was not captured, but post-stall hysteresis was captured successfully.
Results were also presented for ten rectangular and tapered, flat-plate, low aspect ratio wings at Reynolds numbers of 60,000 to 160,000. The results obtained suggested that for flat plates, there is either no critical Reynolds number or that the critical Reynolds number does not seem to lie between the Reynolds numbers of 60,000 and 160,000. Aerodynamic hysteresis was found to not exist for the flat-plate wings at the present test conditions. Finally, the post-stall data for the flat-plate wings show that lift and moment are relatively constant with increasing angles of attack up to 30 deg. 
